The operation of a single-wavelength Brillouin-erbium fiber laser (BEFL) system with a Brillouin pump preamplified technique for different output coupling ratios in a ring cavity is experimentally demonstrated. The characteristics of Brillouin Stokes power and tunability were investigated in this research. The efficiency of the BEFL operation was obtained at an optimum output coupling ratio of 95%. By fixing the Brillouin pump wavelength at 1550 nm while its power was set at 1:6 mW and the 1480 pump power was set to its maximum value of 135 mW, the Brillioun Stokes power was found to be 28:7 mW. The Stokes signal can be tuned within a range of 60 nm from 1520 to 1580 nm without appearances of the self-lasing cavity modes in the laser system.
Introduction
Stimulated Brillouin scattering (SBS) is one of the nonlinear effects in optical fibers that is not favored by optical transmission engineers due to its inherent energy transfer from carriers to the downshifted frequency signal. However, this disadvantage does not permit the exploitation of SBS in distributed strain and temperature sensing [1] , microwave generators [2] , optical signal processing [3] [4] [5] , gyroscopes [6] , and lasers [7] [8] [9] .
A Brillouin fiber laser is attractive due to its narrowing effect of laser linewidth as reported in [10] [11] [12] . However, the Brillouin gain in optical fibers is low and, therefore, it requires a significant amount of Brillouin pump (BP) power to generate the Brillouin Stokes (BS) laser in the cavity. Thus, by integrating an erbium-doped fiber in the laser cavity, this problem is efficiently rectified and a new breed of laser is formed, namely, a Brillouin-erbium fiber laser (BEFL) [13, 14] . The efficient amplification of the erbium-doped fiber is utilized to compensate the cavity loss. On the other hand, the SBS effect is exploited as the frequency shifter. The downshifted frequency Stokes signal that circulates in the cavity can act as a low-pass filter that can reject high frequency component [15] . As a result, the relative intensity noise of the Brillouin fiber laser is lower compared to its BP, especially in the high frequency region.
Although the Brillouin fiber laser operation is enhanced by the Erbium gain, the BS laser cannot be widely tuned due to the presence of self-lasing cavity modes. This is owing to the fact that the cavity modes generated from the erbium-doped fiber compete with the BS laser within the amplification bandwidth. Therefore, the BEFL output consists of these two lasing regions. This situation leads to research activities on widening the tuning range of the BS laser in the absence of the self-lasing cavity modes as reported in [16] [17] [18] . The BP preamplification technique is unique because it amplifies the BP before entering the Brillouin gain medium. Therefore, the amplified BP can create a deep saturation operation in the erbium gain section that leads to a wider tuning range of the BS laser. However, the tuning range still cannot cover the whole range of the erbium gain bandwidth due to an imbalance discrepancy between cavity gain and cavity loss [18, 19] . To enhance the tuning range of BEFL, the cavity loss can be optimized so that the average population inversion of the erbium gain section can be controlled to a level in which the discrepancy between the cavity gain and cavity loss is minimized.
In this paper we present experimental results of a BEFL for different output coupling ratios in the ring cavity. A variety of the coupling ratios is important to determine the characteristics of the laser system. The peak power of the BP line increases with the increment of the output coupling ratios from 10% to 95%. At the optimum coupling efficiency of 95%, a single-wavelength BS line is achieved with a peak power of 28:7 mW. The BS lasing wavelength can be tuned over the range of 60 nm from 1520 to 1580 nm without any appearances of the self-lasing cavity modes in the laser system.
Experimental Setup
The structure of the ring-cavity BEFL system with Brillouin pump preamplification technique is shown in Fig. 1 . The BEFL system consists of a 11 km dispersion compensating fiber (DCF), an optical circulator (Cir), an optical coupler, and an erbium-doped fiber amplifier (EDFA). The Brillouin gain is provided by the DCF while the Cir is utilized to guide the propagation of both the Brillouin pump (BP) and the BS signal into and out of the Brillouin gain media, respectively. The DCF has a 20 μm 2 effective area, a 7:31 ðW kmÞ −1 nonlinear coefficient, −1328 ps=nm dispersion, and 7:28 dB total loss. An optical coupler with different coupling ratios provides a medium through which the output of the laser cavity is connected to an optical spectrum analyzer (OSA) that is used for monitoring and measurement in the experiment.
The EDFA gain block is composed of an 8:0 m erbium-doped fiber (EDF), a 1480=1550 nm wavelength division multiplexing (WDM) coupler, and a 1480 nm laser diode. The 1480 nm pump laser with a maximum power of 135 mW is used as the primary pump source for the EDF. The WDM coupler is used to multiplex the 1480 nm pump and the BP signal.
The BP signal with 200 kHz narrow linewdith provided by an external cavity tunable laser source (TLS) was injected into the resonator. The injected BP signal from the TLS is guided into the EDFA by the optical circulator. First it is amplified by the EDFA and then guided into the Brillouin gain media (i.e., the DCF). When the BP signal exceeds the threshold power of the Brillouin gain media, the SBS effect is initiated and thus the first-order Brillouin Stokes (BS) signal that propagate in the opposite direction to the direction of the BP signal is generated. This BS signal with 0:08 nm downshifted from the BP signal is amplified by the EDFA and then transported to the optical coupler via the circulator from its port 2 through port 3. For each of the selected coupling ratios of the optical coupler, part of the BS signal is guided into the resonator and the other part is measured by using an OSA through the output port of the optical coupler.
Results and Discussion
In the experiment, the single-wavelength BS signal peak power for different output optical coupling ratios is investigated as shown in Fig. 2 . The output coupling ratio values of 10%, 20%, 30%, 50%, 60%, 70%, 80%, 95%, and 99% are used in the experiment. The output is measured using an OSA with a bandwidth resolution of 0:015 nm. For the entire output coupling ratio cases, the 1480 nm pump power is varied to its maximum power of 135 mW at step of 5 mW, the BP wavelength is fixed at 1550 nm, while the BP power is set to the value of 1:6 mW. Above the threshold condition, BS signal power increases linearly with an increment of 1480 nm pump power [13, 20] . The BS signal power increases in tandem with the output coupling ratios from 10% to 95% and decreases at the 99% output coupling ratio. As evidently seen in Fig. 2 , the optimum Stokes signal power is recorded at 95% output coupling ratio. The maximum BS signal power of 28:7 mW is measured at the maximum 1480 nm pump power of 135 mW. This is much higher than the Stokes peak power of about 10 mW as reported in [13] and around 9 mW as reported in [20] . Meanwhile, for the other output coupling ratios of 50%, 60%, 70%, and 80%, the BS signal powers are 13.6, 18.0, 20.6, and 25:1 mW, respectively. Above the optimum output coupling ratio, the BS signal power decreases to 24:5 mW for 99% output coupling ratio. The increment of BS signal power is inline with the increment of output coupling ratio from 10% to 95%. However, when the output coupling ratio is too large (95%), the cavity loss is also increased. This factor becomes dominant on the performance of fiber laser, which results in the decrement of output power [21] .
On the other hand, the BS signal power remains very low for 10%, 20%, and 30% output coupling ratios. In these cases, the characteristic of BS signal power is saturated to specific values. The critical pump power in which the BS signal power starts to saturate is measured around 85 mW pump power for 10% output coupling ratio and around 100 mW pump power for 20% and 30% output coupling ratio. This saturation characteristic is the evidence of energy transfer from the BS signal to the second-order BS signal, which propagates in the counterclockwise direction. To validate this statement, the output spectra at selected output coupling ratios are illustrated in Fig. 3 . For output coupling ratios of 10%, 20%, and 30%, there are two small peaks at longer wavelengths from the BS signal. The first peak represents the Rayleigh component of the second-order BS signal. In addition to this, the second peak is the third-order BS signal that propagates in the same direction as the BS laser. Since it does not reach the threshold power, thus, it cannot oscillate in the ring cavity as a laser.
Without launching the BP power into the laser system, the appearances of the self-lasing cavity modes around the EDF peak gain are closely monitored for each case of the output coupling ratios at 135 mW power of the 1480 nm pump laser. Output spectra of the EDFL self-lasing cavity modes for 10%, 50%, 60%, 70%, and 95% output coupling ratios are shown in Fig. 4 . Based on the experimental results, there are two self-lasing cavity mode regions within 1530 and 1560 nm. This can be explained due to the average population inversion, which is dependent on the total cavity loss. The cavity loss decreases with the decrement of the output coupling ratio. As a result, the laser cavity operates in the regime of low average population inversion. Therefore, the self-lasing cavity modes are observed around 1560 nm for output coupling ratio of 70%, 60%, 50%, and 10%. On the other hand, the self-lasing cavity modes are observed around 1530 nm for the output coupling ratio of the 95% due to the higher average population inversion.
For the purpose of investigating the behaviors of the BP wavelength tunability on the BS signal power, the 1480 pump power was set to its maximum power of 135 mW and the BP was fixed to 1:6 mW power. The BP wavelength was tuned from 1520 to 1580 nm with a 1:0 nm step. The resolution bandwidth of the OSA is set to 0:05 nm. The BS signal power with different output coupling ratios of 10%, 50%, 60%, 70%, and 95% are measured.
The results of BS signal power for different output coupling ratios versus BP wavelength are shown in Fig. 5 . Obviously, from experimental results, the BS peak power for wavelength tunability increases with the increment of the output coupling ratio. Meanwhile, the appearance of self-lasing cavity modes decreases with the increment of the output coupling ratios. In our work, the tuning range is defined as the range of BP wavelength that produced the BS line signal in the absence of self-lasing cavity modes activity [15] [16] [17] . At the optimum coupling ratio of 95%, the BS signal is generated without the appearances of the self-lasing cavity modes around wavelength regions from 1520 to 1580 nm within the 60 nm tuning range. This is much wider than the tuning range of about 2 nm as reported in [13] and around 7 nm as reported in [20] . For the 70% output coupling ratio, the BS signal is observed around 1530 to 1570 nm without any appearance of self-lasing cavity modes. A tuning range of 23 nm with a BP wavelength from 1545 to 1568 nm is measured for the 60% output coupling ratio. The appearance of the self-lasing cavity modes cannot be suppressed when the low BS line power circulated in the laser system. Only a small tuning range around 17 nm (1550 to 1567 nm) and 11 nm (1556 to 1567 nm) are obtained at lower output coupling ratios of 50% and 10%, respectively. The BEFL system can operate with high efficiency without appearances of self-lasing cavity modes around the C-band wavelength region (1530 to 1565 nm) at output coupling ratios of 95% and 70%. To show our observation clearly, the output spectra for 50%, 70%, and 95% coupling ratios with a 5 nm step are plotted as depicted in Fig. 6 . The output spectrum is clean from any self-lasing cavity modes for any injected BP wavelength as shown in Fig. 6(a) . The self-lasing cavity modes are not clearly suppressed when the injected BP wavelength is detuned away from the EDF peak gain around 1560 nm for the output coupling ratio of 70% and 50% as depicted in Figs. 6(b) and 6(c), respectively.
In terms of noise feature, the intensity noise of the laser output can be considered as the weighted sum of two main contributions: the amplified spontaneous emission and the Brillouin pump fluctuations converted into the Stokes signal fluctuations. It has been experimentally confirmed that the intensity noise of the Stokes signals was below the Brillouin pump power noise in the spectral range 100 kHz-100 MHz except at the multiple free spectral range of the cavity [22] , and it is shot noise limited to −155 dB=Hz for the spectral range from 100 MHz-18 GHz [23] . In addition, it was theoretically proven that the relative intensity noise of the Brillouin pump was transferred to the first-order Brillouin Stokes signals after decays 20 dB=decade in the high frequency regime [24] . The maximum noise reduction of 40-60 dB was observed experimentally at antiresonant frequencies that are multiples of half the cavity free spectral range [25] .
Conclusion
In conclusion, we have presented the characteristics and performance of a single-wavelength BEFL system with a Brillouin pump preamplification technique in the ring-cavity system at different output coupling ratios. Through experimental analysis, the efficiency of the BEFL operation is obtained with an optimum output coupling ratio of 95%. At the optimum output coupling ratio, a high peak power of a 28:7 mW single-wavelength BS signal is obtained for a BP power of 1:6 mW and the 1480 nm pump power is set at 135 mW. The BS signal power increases with the increment of the output coupling ratio from 10% to 95%. For the tunability study, the increment of the output coupling ratio from 10% to 95% generates wider tuning ranges. At 95% of the output coupling ratio, the BS signal can be tuned over the range of 60 nm from 1520 to 1580 nm without the appearance of the self-lasing cavity modes at the fixed 1480 nm pump power of 135 mW, while the BP is set to 1:6 mW. The 95% output coupling ratio has been found to produce the highest output power and the widest tunability of the BS laser.
